Rationale We recently demonstrated that blocking specific nicotinic acetylcholine receptors (nAChRs) abolishes the conditioned reinforcing properties of ethanol-associated cues in rat, suggesting nAChRs as promising pharmacological targets for prevention of cue-induced relapse. Objectives The present study investigated the involvement of nAChR subtypes in the conditioned reinforcing properties of stimuli associated with a natural reward (sucrose). Methods Water-deprived rats were trained to associate a tone + light stimulus (CS) with the presentation of a 0.1 M sucrose solution for 10 consecutive days. On the subsequent day, the animals were tested on the stringent acquisition of a new instrumental response with conditioned reinforcement, following a systemic injection of the nonselective nAChR antagonist mecamylamine (MEC) or the selective α7 and α6/α3β2β3* nAChR antagonist methyllycaconitine (MLA). At testing, the rats were presented with two novel levers. Responding on the lever assigned as active (CR lever) resulted in a presentation of the CS alone, while pressing the inactive lever (NCR lever) had no programmed consequences. Results Control animals pressed the CR lever significantly more than the NCR lever, demonstrating that the CR had acquired conditioned reinforcing properties. Systemic MEC as well as MLA reduced the CR lever responses to the same level as for the NCR lever. Conclusions These results demonstrate a role for the α7 and/ or α6/α3β2β3* nAChRs in conditioned reinforcement to a natural reward and suggest neuronal nAChRs as common mediators of the impact of cues on incentive processes.
reinforcers and potently enhance appetitive goal-directed behavior. In humans, cues associated with drugs or palatable foods can elicit craving and consumption and, for drug reinforcers, precipitate relapse (Childress et al. 1993; O'Brien et al. 1998; Weingarten 1983) . In laboratory animals, such stimuli can reinstate drug seeking (Grimm et al. 2001; See 2002) and promote eating as well as other reward-motivated behaviors (Cardinal et al. 2002; Everitt et al. 1999; Holland et al. 2002; Petrovich et al. 2002) . Thus, understanding the neurobiological mechanisms by which reward-associated stimuli come to act as conditioned reinforcers and stimulate appetitive behaviors has important clinical implications for the treatment of addiction and eating disorders.
Reward-related stimuli have the ability to promote firing of cholinergic mesopontine projections to the ventral tegmental area (VTA; Dormont et al. 1998; Pan and Hyland 2005) . In this way, these projections are suggested to regulate the phasic activity of dopamine neurons in response to salient cues that promote reward-seeking behaviors (Brown et al. 1999; Inglis et al. 1994 Inglis et al. , 2000 Miller et al. 2002; Pan and Hyland 2005; Roitman et al. 2004; Schultz 1998; Yun et al. 2004) . In line with these data, clinical as well as animal studies implicate nicotinic acetylcholine receptors (nAChRs) in incentive motivation and craving. Blocking nAChRs, by means of systemic administration of the nonselective nAChR antagonist mecamylamine, reduces cue-induced cocaine craving in humans (Reid et al. 1999) and responding with conditioned reinforcement in rats using stimuli associated with water (Olausson et al. 2004a) or ethanol (Löf et al. 2007) reinforcement. Conversely, stimulation of nAChRs with nicotine enhances cue-induced cocaine craving (Reid et al. 1998 ) and potentiates responding with conditioned reinforcement (Olausson et al. 2004a, b) . Similarly, treatment with nicotine also enhances the reinforcing effects of stimuli with intrinsic or conditioned reinforcing value (Chaudhri et al. 2006a, b; Donny et al. 2003; Palmatier et al. 2006) . Selective manipulation of nAChRs may thus reduce the impact of conditioned stimuli on rewardmotivated behavior and could become a promising treatment strategy for a number of compulsive disorders.
Several functional neuronal nAChR subtypes, such as the α7*, α4β2*, and α3/α6β2β3* nAChRs (Champtiaux et al. 2003; Charpantier et al. 1998; Klink et al. 2001 ; for recent review, see Jensen et al. 2005) , have been identified in brain areas involved in reward and motivation. The highaffinity α4β2* nAChRs are necessary for nicotine selfadministration in rodents (Corrigall et al. 1994; Picciotto et al. 1998 ) and for the ability of prior chronic nicotine exposure to potentiate responding with conditioned reinforcement to water (Brunzell et al. 2005) . Moreover, the β2* nAChRs in the VTA were recently suggested to regulate the bursting activity of the mesolimbic dopamine neurons (Mameli-Engvall et al. 2006) , i.e. the main activity induced by salient cues (Schultz 1998) . However, in nicotine-naïve β2*−/− animals, responding with conditioned reinforcement to water is intact (Brunzell et al. 2005) . Blockade of α4β2* nAChRs, by local VTA infusion of the selective α4β2* nAChR antagonist dihydro-β-erythroiodine, neither affects the conditioned reinforcing nor the mesolimbic dopamine stimulatory effects of ethanol-associated stimuli in the rat (Löf et al. 2007 ). Rather, these parameters were antagonized by local VTA infusion of the selective α3β2* and α6* nAChR antagonist α-conotoxin MII (α-CtxMII), demonstrating that the α3β2* and/or α6* nAChRs in the rat VTA are required for the conditioned reinforcing properties of such cues (Löf et al. 2007) .
While the reinforcing effects of drug stimuli appear to require stimulation of nAChRs in the VTA, their role in the ability of cues associated with natural rewards to reinforce behavior is unknown. The present paper therefore investigated the involvement of specific nAChR subtypes on responding with conditioned reinforcement using stimuli associated with sucrose.
Materials and methods

Experimental design
Naïve rats were trained to associate a tone + light conditioned stimulus (CS) with the presentation of 0.1 M sucrose in a dipper elevated in the reinforcer magazine. Following this Pavlovian conditioning phase, all rats were subsequently tested on the stringent acquisition of a new instrumental response (lever pressing) with conditioned reinforcement. The testing was preceded by an acute systemic injection of mecamylamine or the more subtype-selective α7 and α3/α6β2β3* nAChR antagonist methyllycaconitine (MLA).
Animals
Sixty-four male Sprague-Dawley rats (Charles River, USA) weighing 225-275 g at the start of the experiments were housed in pairs under constant cage temperature (20-22°C) and humidity (40-50%) on a controlled light-dark cycle (light on at 7 a.m. and off at 7 p.m.). The rats had free access to rat chow at all times. Animals were restricted to a 1 h water access daily in their home cages starting 30 min after the Pavlovian training or the subsequent testing sessions. The experiments were approved by the Yale Animal Care and Use Committee and followed the NIH Guide for Care and Use of Laboratory Animals.
Drugs and experimental compounds Sucrose (J.T. Baker, USA) was dissolved in tap water (0.1 M) and presented in plastic 250-ml bottles. Mecamylamine HCl (generously provided by the NIDA research substance supply program, NIDA, USA), a nonselective noncompetitive nAChR antagonist, was dissolved in phosphate-buffered saline (PBS; Invitrogen, USA) for systemic administration (2.0 ml/kg, i.p.). The plant alkaloid MLA (generously provided by the NIDA research substance supply program, NIDA, USA), a selective antagonist at α7 and α3/α6β2β3* nAChRs, was dissolved in PBS for systemic administration (2.0 ml/kg i.p.).
Experimental techniques
Equipment
Standard behavioral testing chambers (30×20×25 cm) with grid floors (Med Associates, USA) were used for behavioral testing. Each chamber was housed in a sound-attenuating outer box equipped with a white noise generator and a fan to reduce external noise. A liquid dipper (60 μl) delivered a 0.1 M sucrose solution as the reinforcer into the magazine. This sucrose concentration was selected because, in a pilot study in our laboratory, free choice between tap water and 0.1 M sucrose in a 1 h limited access paradigm resulted in a close to 100% preference for the sucrose solution in all rats (unpublished data). Head entries were detected by a photocell mounted above the reinforcer receptacle. Above the magazine was a 2.5-W stimulus light, and the chamber was illuminated by a house light mounted on the back wall. A SonAlert tone (10 kHz) generator was mounted above the magazine, and retractable levers allowed for examination of instrumental behaviors. The chambers were controlled by a PC using the MedPC software (Med Associates, USA).
Pavlovian training procedure
On the first day, a 5-s access to 60 μl of 0.1 M sucrose [the unconditioned stimulus (US)] was available in the dipper on a fixed-time 15-s schedule (FT15; the US becomes available every 15 s); the session ended after delivery of 100 reinforcers. Beginning on the second day, the subjects received 30 pairings of a 5-s compound conditioned stimulus (light + tone) followed immediately by 5-s access to 60 μl of 0.1 M sucrose; the CS+US pairings were delivered on a random-time 30-s schedule (RT30; the CS and the US are presented randomly on average following 30 s with no upper or lower limits). Head entries during the RT30 interval resulted in a 3-s delay during which time no reinforcement was given, and the schedule was restarted.
Training on this schedule over a period of 10 days results in a discriminated pattern of approach of the magazine during CS and US, but not during inter-CS+US, periods (Burns et al. 1994; Taylor and Horger 1999; Taylor and Robbins 1984) .
Conditioned reinforcement
After Pavlovian conditioning, all animals were tested in a conditioned reinforcement paradigm 10 min following acute administration of the nicotinic drugs (see "Antagonist administration" below). Testing utilized the behaviorally stringent acquisition of a new response with conditioned reinforcement (Taylor and Robbins 1984) and was performed in the absence of primary reinforcement. Here, two novel levers were introduced in the operant chambers. Responding on one lever (active or "CR lever") resulted in the presentation of a 5-s CS and elevation of the liquid dipper (without sucrose). Responding on the other (inactive or "NCR lever") had no programmed consequences and controlled for nonspecific alterations in responding. The first three responses on the active lever elicited presentation of the CS, following which the CS was presented on a variable ratio schedule (VR2; the number of lever presses required to get the CS is on average two and varies between one and three responses). The session lasted for 30 min following the first correct response on the CR lever. The position of the CR lever (left/right) was balanced for all treatment groups but remained the same for each rat in all testing sessions.
Antagonist administration
Experiment 1 tested the effect of two different doses of the nonselective nAChR antagonist mecamylamine (0.3 and 1.0 mg/kg i.p.) on responding with conditioned reinforcement. The low dose of mecamylamine (0.3 mg/kg i.p.) was tested in a balanced crossover design, i.e., during a single test, half of the animals were injected with mecamylamine (0.3 mg/kg i.p.) and the other half received PBS (2.0 ml/ kg i.p.), 10 min prior to testing. The higher dose of mecamylamine (1.0 mg/kg i.p.) was analyzed in a different set of rats in a crossover counterbalanced design where each animal was tested on two consecutive days. Here, half of the animals were systemically injected with PBS the first day and with mecamylamine (1.0 mg/kg i.p.) the second day, and the other half of the animals received mecamylamine (1.0 mg/kg i.p.) the first day and PBS the second day.
Experiment 2 tested the effect of two different doses of systemically administered MLA (6.0 mg/kg i.p. and 3.0 mg/kg i.p.), a selective competitive antagonist at the homomeric α7 nAChR (Alkondon et al. 1992; Davies et al. 1999; Macallan et al. 1988; Ward et al. 1990 ) and the heteromeric α3/α6β2β3* nAChRs (Klink et al. 2001; Mogg et al. 2002; Salminen et al. 2004 ), on responding with conditioned reinforcement. First, half of the rats were injected with MLA (6.0 mg/kg i.p.) and the other half with PBS (2.0 ml/kg i.p.) 10 min prior to a single test. The animals were subsequently retrained for 5 days and retested after receiving 3.0 mg/kg i.p. (−10 min) MLA or PBS during a single test. In Experiment 2, the treatments were balanced so that half of the animals that received PBS during the first test received MLA after retraining and vice versa. The doses for all experiments were calculated based on consensus from published studies using systemic administration of these antagonists.
Statistics
The data obtained in all experiments were analyzed using two-factor analysis of variance (ANOVA) with treatment as the independent factor and lever (active/inactive) as a dependent factor. Paired t tests or Fisher's PLSD were used for post hoc comparisons of main effects. Due to the variation in the lever responses, a statistical test of variance homogeneity recommended that square root transformation of the data be used to fulfill the requirements for ANOVA analysis, as is normally done for analyses of conditioned reinforcement data (e.g., Taylor and Robbins 1984) . A probability level (p) of less than 0.05 was considered significant. The results are presented as means ± SEM.
Results
Effect of systemic mecamylamine administration on the conditioned reinforcing effects of sucrose-associated stimuli
In Experiment 1, we first tested the effect of mecamylamine (0.3 mg/kg i.p.) during one experimental day. Here, a repeated-measures ANOVA revealed a main effect of lever (F[1, 13]=13.603; p<0.0001; Fig. 1) . Subsequent paired t tests demonstrated the basic conditioned reinforcement effect in control animals (p≤0.001, Fig. 1 ). However, there was no lever × treatment interaction (F[1, 13]=0.643; p= 0.31; Fig. 1 ) under these conditions, and paired t tests revealed a significant difference between the CR and the NCR levers also following the mecamylamine injection (p≤ 0.001, CR vs. NCR lever, Fig. 1 ). This demonstrates that a systemic mecamylamine injection at this low dose had no effect on responding with conditioned reinforcement.
We next tested the effect of a systemic injection of a moderate dose of mecamylamine (1.0 mg/kg i.p., −10 min) commonly used to examine the role of nAChRs. Here, a repeated-measures ANOVA revealed a significant lever × treatment interaction (F[1, 12]=5.006; p≤0.05) and a main effect of treatment (F[1, 12]=13.024; p≤0.01; Fig. 1 ). Subsequent paired t tests showed the basic conditioned reinforcement effect in control treated animals; animals made significantly more responses on the CR lever than the NCR lever (p≤0.001). This demonstrates that the Pavlovian conditioning successfully established the sucrose-associated CS as a conditioned reinforcer. After pretreatment with 1.0 mg/kg mecamylamine, however, the responses on the CR and NCR levers were not statistically different (Fig. 1) , demonstrating that blockade of nAChRs reduced or blocked the conditioned reinforcing properties of the sucroseassociated cue. However, an unpaired t test failed to demonstrate a significant reduction in responding on the active lever following mecamylamine (1.0 mg/kg) as compared to PBS treatment. The mecamylamine treatment (1.0 mg/kg) did not affect total lever responses (Fig. 2) or total magazine entry time (Fig. 3) , demonstrating that systemic mecamylamine administration selectively reduced conditioned reinforcement and did not cause a general reduction in Pavlovian approach, general motivation, or motor function.
Effect of systemic MLA administration on the conditioned reinforcing effects of sucrose-associated stimuli
In an effort to identify the specific nAChR subtypes required for conditioned reinforcement, Experiment 2 examined the effects of MLA, a selective competitive antagonist at the homomeric α7 nAChR and the heteromeric α3/α6β2β3* nAChRs. Here, we employed a Fig. 4 ). An unpaired t test demonstrated a significant reduction in responding on the active lever following MLA (6.0 mg/kg) as compared to PBS treatment (p≤0.05). After systemic MLA administration of 3.0 mg/kg, there was no effect of treatment or lever × treatment interaction (Fig. 4) . A paired t test demonstrated no differences in responses on the CR lever compared to the NCR lever after MLA treatment of 6.0 or 3.0 mg/kg (Fig. 4) . Thus, both doses of MLA reduced the conditioned reinforcing properties of the sucrose-associated cues.
MLA had no effect on the total magazine entry time (Fig. 3) , but the higher dose significantly reduced the total number of lever responses (p≤0.05, unpaired t test, Fig. 2 ).
Discussion
The present series of experiments demonstrate that antagonism of nAChRs prevents the ability of sucroseassociated cues to act as a conditioned reinforcer in the stringent acquisition of a new response paradigm. These data are consistent with our previous demonstration of an important role for nAChRs in the conditioned reinforcing properties of ethanol cues (Löf et al. 2007 ) and the ability of nicotine administration to enhance conditioned reinforcement (Olausson et al. 2004b) . Together, these findings suggest that nAChRs act as a common substrate that can modulate conditioned reinforcement processes.
Experiment 1 demonstrated that the nonselective nAChR antagonist mecamylamine blocked the conditioned reinforcing properties of a sucrose-associated stimulus that acted as a reinforcer for new learning in control rats in a dose- Fig. 4 Effects of systemic i.p. injections of the selective α7 and α3/ α6β2β3* nAChR antagonist MLA at the dose 6.0 mg/kg (a; n=11 in each group) or 3.0 mg/kg (b; n=10 in each group), 10 min prior to testing on responding with conditioned reinforcement. MLA decreases responding with conditioned reinforcement using a sucrose-associated cue. Asterisks indicate effect of lever (p<0.05, paired t test). CR active lever, NCR inactive lever. Data are presented as square root of mean lever responses+SEM Fig. 3 Effects of systemic i.p. injections of the nonselective nAChR antagonist mecamylamine (MEC) at the dose 0.3 mg/kg (n=14) or 1.0 mg/kg (n=13) or the selective α7 and α3/α6β2β3* nAChR antagonist MLA at the dose 3.0 mg/kg (n=10 in each group) or 6.0 mg/kg (n=11 in each group) 10 min prior to testing on the total magazine head entry time. There were no significant effects of the nAChR antagonists on the total magazine head entry time Fig. 2 Effects of systemic i.p. injections of the nonselective nAChR antagonist mecamylamine (MEC) at the dose 0.3 mg/kg (n=14) or 1.0 mg/kg (n=13) or the selective α7 and α3/α6β2β3* nAChR antagonist MLA at the dose 3.0 mg/kg (n=10) or 6.0 mg/kg (n=11) 10 min prior to testing on the total number of lever presses. The higher dose of MLA decreases the total number of lever presses. Asterisk indicates effect of drug (p<0.05, paired t test) dependent manner. Indeed, the same dose of systemic mecamylamine (1.0 mg/kg i.p.) blocks the conditioned reinforcing effects also of alcohol-associated stimuli in the same experimental setup (Löf et al. 2007) . While in vitro studies suggest that mecamylamine at higher doses also inhibits N-methyl-D-aspartate receptor complex-mediated currents (O'Dell and Christensen 1988) and blocks N-methyl-Daspartate-induced noradrenaline release from hippocampal rat slices (Snell and Johnson 1989) , pharmacological studies demonstrate that mecamylamine, at doses equivalent to that used in the present experiment, does not interact with these receptors in vivo (Ericson et al. 2003) . Thus, the present observations suggest that mecamylamine (1.0 mg/kg i.p.) reduced or blocked the conditioned reinforcing effects of the sucrose-associated cues by antagonizing nAChRs. Importantly, this assumption was supported by data from the second experiment that confirmed a central role of these receptors in the neurobiological processes subserving responding with conditioned reinforcement.
Experiment 2 examined the effects of the selective competitive nAChR antagonist MLA at two different doses on responding with conditioned reinforcement for sucroseassociated conditioned stimuli. Here, a systemic MLA injection (6.0 or 3.0 mg/kg i.p., 10 min prior to testing) reduced the conditioned reinforcing properties of the sucrose-associated CS such that responses on the CR lever and NCR lever were not different following drug administration. These results suggest that the nAChR antagonist MLA blocks responding with conditioned reinforcement, consistent with the observations following mecamylamine administration in Experiment 1. MLA has generally been regarded as a selective α7 nAChR antagonist but was recently demonstrated to block also α3/α6β2β3* nAChRs at a similar concentration range (Klink et al. 2001; Mogg et al. 2002; Salminen et al. 2004) . The α3/α6β2β3* receptors, but not the α7 subtype, are further antagonized by α-CtxMII, a compound that was recently demonstrated to block the conditioned reinforcing effects of ethanol-associated cues (Löf et al. 2007 ). This may indicate that the α3/α6β2β3* nAChRs are primarily responsible for the effects reported here. These converging effects of α3/α6β2β3* nAChR antagonists support the notion of a common basis for the impact of reward-related cues on behavior (Kelley and Berridge 2002; Nie and Janak 2003) and suggest a role for the α3/α6β2β3* nAChR subtypes.
Although the mecamylamine (1.0 mg/kg) injection in Experiment 1 abolished the conditioned reinforcing effect observed following PBS treatment, an unpaired t test analysis of the number of responses on the active lever following mecamylamine (1.0 mg/kg) demonstrated a nonsignificant difference compared to PBS treatment. When the same statistical comparison was made in Experiment 2, there was a significantly lower response on the active lever following administration of the high MLA dose (6.0 mg/kg i.p., p≤0.05), but not the low dose (3.0 mg/kg), as compared to PBS. This outcome is in line with the differences in the total number of lever presses between MLA dose (6.0 mg/kg i.p.) and PBS and may indicate an unspecific effect, such as suppression of locomotor activity, of the higher MLA dose. While both antagonists tested here should be specific for nAChRs at the present doses, MLA has been reported to be less selective for the specific nAChRs at higher concentrations. However, since it is difficult to precisely determine the achieved brain concentrations of these drugs, we cannot completely exclude the possibility that MLA also interferes with the function at additional nAChR receptor subtypes and configurations. Nevertheless, a pharmacokinetic study reported that an MLA dose of 5.4 mg/kg i.p. results in brain drug levels of approximately 50-100 nM (Turek et al. 1995) , levels sufficient to displace α-CtxMII in binding studies (Mogg et al. 2002) and to inhibit α7-nAChRmediated responses in vitro (Alkondon and Albuquerque 1993; Yu and Role 1998) .
While the present study investigated the effects of systemic administration of nAChR antagonists, the involvement of α3/α6β2β3* nAChRs in mediating the reinforcing effects of alcohol-associated cues was found to be localized to the VTA (Löf et al. 2007 ). We have therefore hypothesized that the presentation of an alcohol-associated cue results in the release of acetylcholine into the VTA and a subsequent release of dopamine in the nucleus accumbens (nAc; Löf et al. 2007 ). Subpopulations of nAc neurons that respond to sucrose cues require the dopaminergic projections from the VTA to promote reward-seeking behavior (Yun et al. 2004) . Intermediate levels of MLA binding sites have been found in several of the brain areas involved in reward and motivation, such as the VTA (Mugnaini et al. 2002) . We thus speculate that the effects of nAChR antagonism on conditioned reinforcement to sucrose observed in the present study could involve MLA-sensitive nAChRs on dopaminergic cell bodies in the VTA.
Increased consumption of sweet-tasting and high-caloric food is one consequence of withdrawal in human alcoholics (Junghanns et al. 2000 ; for review, see Kampov-Polevoy et al. 1999 ) and smokers (Grunberg 1982; Hall et al. 1989; Hatsukami et al. 1984 Hatsukami et al. , 1993 as well as in nicotinedependent laboratory animals (Grunberg et al. 1985 (Grunberg et al. , 1988a . A suggested explanation for this phenomenon has been that nicotine as well as alcohol withdrawal increases plasma levels of insulin (Grunberg et al. 1985 (Grunberg et al. , 1988a Passilta et al. 1999 ). The present study, however, also suggests that dysregulation of nAChR function in abstinent alcoholics and/or smokers may enhance the incentive or reinforcing properties of reward-associated cues, thereby increasing the motivation to consume natural rewards such as sucrose during the withdrawal phase.
In conclusion, the present set of experiments demonstrates that MLA-sensitive nAChRs are required for the conditioned reinforcing properties of cues associated with a palatable and rewarding food source. These receptors may be identical to the α6* and/or α3β2* nAChRs that were recently demonstrated to be involved in the impact of alcohol cues on reward-related behaviors (Löf et al. 2007 ). Together, these observations suggest neuronal nAChRs as common mediators of the impact of cues on incentive processes and suggest that antagonists of these nAChR subtypes should be explored as future medications for relapse prevention and overeating.
